The anthracycline anticancer agent doxorubicin has long been recognized to induce a dose-limiting cardiotoxicity and may be associated with genes relevant to doxorubicin disposition. Recent reports suggest a role for a number of single nucleotide polymorphisms in anthracycline cardiotoxicity in children. We describe two adult sisters with anthracycline cardiotoxicity that developed after a relatively low dose of doxorubicin. One sister carried the variant genotype for histamine N-ethyl transferase (HNMT, rs17583889) while the other was heterozygous, suggesting a similar role for these genotypes in adults with anthracycline cardiotoxicity. Although this requires further study, these genotypes may be important in the clinical dosing, or use of the liposomal formulation of doxorubicin.
Background
The anthracycline anticancer agent doxorubicin (DOX) has long been recognized to induce a dose-limiting cardiotoxicity. 1 Anthracycline cardiotoxicity (ACT) may be acute or chronic. Recent studies postulate a distinct late-onset cardiotoxicity, which develops after years or even decades of asymptomatic survival. 2, 3 Transgenic mouse models have demonstrated a genetic etiology in the development of chronic ACT. 3, 4 The overexpression of the multiple drug-resistant gene, MDR1, protects from the cardiotoxic effect of DOX. 4, 5 In humans, the presence of a genetic component is suggested by the wide variation and individual sensitivities to anthracyclines. 6, 7 Wojnowski et al. 3 identified that genetic variants in the transport of DOX and free radical metabolism may be pivotal in modulating individual risk of ACT. Carbonyl reductases (CBR) catalyze the NADPH-dependent reduction of anthracyclines and resulting metabolites are implicated in ACT. [8] [9] [10] [11] In this regard, it was concluded that the molecular basis of doxorubicin-dependent development of cardiotoxicity is still far from being clear.
Relevant to this background, we had reported two unexpected cases (on the basis of low DOX exposure) of severe presumed DOX-induced cardiac toxicity in two sisters receiving adjuvant breast cancer therapy. 12 Twelve single nucleotide polymorphisms (SNPs) in ATP binding cassette subfamily B member 1 (ABCB1), nicotinamine adenine dinucleotide phosphate (NADPH) oxidase and carbonyl reductase (CBR) 1 and 3 that were previously reported to have an association with ACT were initially evaluated in the two patients and no correlations were found. 12 Visscher et al. 13 and Blanco et al. 14 recently reported that there was an association of polymorphisms in CBR1, histamine N-ethyl transferase (HNMT) and ABCB4 in children with ACT. The goal of this study was to examine whether the same relationships held true in adults with ACT.
Case reports
Detailed case reports of these two sisters have been previously published. 12 
Experimental methods
The genotyping analysis of this retrospective study was performed in the Analytical Instrumentation Laboratory for Pharmacokinetics, Pharmacodynamics and Pharmacogenetics, University of Wisconsin Comprehensive Cancer Center, Madison, Wisconsin, USA. The patients' consent to participate in this study was obtained in compliance with existing institutional review board requirements. Briefly, genomic DNA was extracted from the patients' whole blood using standardized extraction procedures and quantified using a NanoDrop ND-1000 spectrophotometer (ThermoFisher Scientific, Waltham, Massachusetts, USA). PCR was used to amplify the regions of the genomic DNA containing the selected SNPs. The final PCR reaction mixture contained forward and reverse primers (10 pmol each; one of the primers is biotinylated at the 5 0 end), template DNA, 1X PCR master mix (Promega, Madison, Wisconsin, USA) and nuclease-free water. The primers (sequence information available upon request) were designed using the Pyromark Assay Design 2.0 software (Qiagen, Valencia, California, USA) and synthesized by Integrated DNA Technologies (Coralville, Iowa, USA; primer sequences available upon request). The biotinylated PCR product was immobilized on streptavidin-coated sepharose beads (GE Healthcare, Piscataway, NJ), fixed with 70% ethanol, denatured with 10 mM NaOH, washed with 200 mM Tris-acetate, pH 7.6, and finally annealed to the specific sequencing primer. The samples were subsequently analyzed using PyroGold reagents (Qiagen, Valencia, CA) on a PSQ96 MD pyrosequencer (Qiagen). Genotyping was performed for SNPs in the CBR1 (rs9024), HNMT (rs17583889) and ABCB4 (rs1149222) genes.
Results
There were no significant correlations with CBR1 and ABCB4 SNPs. However, one sister carried the variant genotype for HNMT rs17583889 while the other was heterozygous, which classified them as high-risk and intermediate-risk respectively, for the development of ACT. A summary of genotyping results are outlined in Table 1 .
Discussion
Anthracycline-mediated cardiotoxicity is oftentimes associated with polymorphisms in genes involved in 
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SNP: single nucleotide polymorphism; CBR1: carbonyl reductase 1; HNMT: histamine N-methyl transferase; ABCB4: ATP binding cassette subfamily B member 4. a Frequencies in Caucasians were obtained from the HapMap CEU database. b The wild-type genotype appears first, followed by the heterozygote and the variant. c A synonymous SNP is one in which there is no amino-acid change; an intronic SNP is located in the untranslated intronic region of the gene. d Listed genotypes have been shown to be associated with an increased risk of doxorubicin-induced cardiotoxicity. its transport and metabolism. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Our previous study involving two sisters who presented with cardiotoxicity after prolonged exposure to DOX aimed to identify associations between genetic polymorphisms and their risk of developing ACT. Genomic DNA from these patients were previously examined for SNPs in ABCB1, NADPH oxidase and CBRs 1 and 3, based on strong evidence suggesting a role for these SNPs in mediating these events. However, no such associations were found. Our conclusions at that time were that the mechanisms investigated in the study were not associated with ACT in these patients, suggesting a potentially different, unknown etiology. 12 Recently, Visccher et al. 13 and Blanco et al. 14 reported a role for another SNP in CBR1, as well as SNPs in ABCB4 and HNMT in ACT in children. A panel of SNPs were identified by microarray studies and classified by whether they were risk or protective factors for cardiotoxicity involving antrhacycline administration. 13 With the mechanisms for ACT in our study still being unknown, our goal was to examine whether these associations could be extended to adult patients. While there were no variations in ABCB4 and CBR1 genotypes, variant and heterozygous genotypes were observed in HNMT, which were high-risk and intermediate-risk genotypes for the development of ACT (Table 1 ). In this context, it is important to note the differences in dosage of DOX between our study in adults and the two relevant studies in children. In both studies in children, the cardiotoxicity groups received a high dose of DOX (median doses ranging between 270 and 360 mg/m 2 ), 13, 14 whereas the two patients in our study received a fairly low adult doses (280 and 158 mg/m 2 respectively).
The exact association between HNMT and cardiotoxicity is still unknown, but antihistamines have been shown to reverse multidrug resistance in breast cancer cells in vitro. 15 They have also been shown to decrease cardiotoxicity mediated by DOX in vivo. 15 Moreover, the SNP rs17583889 is in the intronic region of HNMT and its functional significance in relation to histamine metabolism is unknown. Further studies need to be performed in order to elucidate the role of HNMT in mediating ACT.
Conclusion
This is the first case report to demonstrate a role for HNMT in adults with ACT. We recognize that given the small number of samples in our study, it is difficult to draw strong correlations between genotype and clinical outcome. However, our study demonstrates the importance of the genetic component in understanding toxicities associated with chemotherapy and while further study is needed prior to clinical implementation, it is well accepted that DOX cardiotoxicity may be decreased by dose reductions, use of liposomal DOX, or use of dexrazoxane; therefore polymorphisms associated with DOX cardiotoxicity may be helpful for selection of candidates for these interventions in the future.
